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Excited states and excitation energies of weakly bound sys- 
tems, e. g. atomic few-body systems and clusters, are difficult 
to study experimentally. For this purpose we propose a new 
and very general atom-optical method which is based on in- 
elastic diffraction from transmission gratings. The technique 
is applicable to the recently found helium trimer molecule 
*He3, allowing for the first time an investigation of the possi- 
ble existence of an excited trimer state and determination of 
its excitation energy. This would be of fundamental impor- 
tance for the famous Efimov effect. 
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Already in 1935 Thomas discovered a surprising 
property of three-body systems. He considered short- 
range two-particle potentials which supported just one 
single bound state with an arbitrarily weak binding en- 
ergy. He then found that for the three-body system 
there could exist a much more tightly bound ground state 
and that the binding energy could approach — oo when 
the range of the two-particle potential approached zero. 
Thirty-five years later Efimov obtained a striking gen- 
eralization of this result. He predicted that when one 
weakened the two-body interaction the number of three- 
body excited states could increase to infinity. An excited 
state which appears under weakening of the two-particle 
potential is called an Efimov state. Conversely, under 
strengthening of the two-particle potential an Efimov 
state disappears into the continuum. Intuitively one can 
understand the Efimov effect in a three-body system by 
imagining a weakly bound, and therefore spatially very 
extended, two-particle subsystem. This subsystem can 
then act on the third particle with a force whose range 
is given by the spatial extent of the subsystem 1^ . This 
range therefore increases more and more when the two- 
particle potential is decreased. As opposed to a short- 
range potential however, a long-range potential can 
have infinitely many excited states. 

Whether the Efimov effect does occur in nature is still 
an open question. In nuclear physics no generally ac- 
cepted examples of Efimov states have been found dj. 
For systems of neutral atoms, however, they might exist, 
and an excellent candidate is the helium trimer, ''Hes, 
since the dimer, ^He2, is believed to have an extremely 
weak binding energy (k, —1.3 mK) and no excited states. 



A few years ago ^He2 has been observed by Luo et al. j|] 
and independently by SchoUkopf and Toennies 0, who 
also observed ^Hea. There has been a lot of theoretical 
work on the existence of an Efimov state in the helium 
trimer, with sometimes conflicting results |^j9|,|5|,|l0| . 
The overall theoretical picture presently indicates the ex- 
istence of a ground state and a single excited state, de- 
noted here by ^Hea and ^Hca , respectively. The latter is 
believed to be an Efimov state. Both are s states with 
respective energy around = —0.1 K and Ei = —2 mK 
JlSf . Experimentally, "^Hej^ has not yet been seen [Q. 

The Efimov property as well as the very existence of 
the excited state ''HeJ depend sensitively on the detailed 
form of the two-atom interaction, and even small retarda- 
tion corrections to the potential can significantly affect 
the '*He2 binding energy and bond length |15|. A pre- 



cise knowledge of this potential is also necessary for un- 
derstanding liquid helium droplets and superfluidity. 
Therefore conclusive experimental evidence of an excited 
state "'Hcg and determination of its binding energy would 
not only be a crucial step towards establishing the exis- 
tence of an Efimov state but would also give important 
information on the He-He potential. 

Here we propose a new and very general method to 
both detect and select an excited state of "^Hca, or of 
other systems, as well as to determine its excitation en- 
ergy. Excitation can be achieved by scattering a beam 
from a solid surface |]l7| or, in our case, from many small 
surfaces. Taking for the latter the bars of a microfabri- 
cated transmission grating [p^ one can achieve excitation 
and separation at the same time, as will now be shown. 

The state-selective property stems from two conserva- 
tion laws. If the incident molecular center of mass mo- 
mentum is denoted by P' and the final one by P, energy 
conservation implies p9| 



P'^/2M = P^/2M + AEi, 



(1) 



where M is the molecular mass and Ai?int accounts for 
a possible change of the internal molecular state. The 
other conservation law comes from the discrete transla- 
tional invariance of the grating in the 2 direction (period 
d, cf. Fig. |l]). This implies the conservation of the ini- 
tial momentum component P2 up to a reciprocal lattice 
vector [E0[, i. e. 



P2 = P^+n2T:h/d 



(2) 
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where n = 0, ±1, ±2, .... With P2 = Psinip (see Fig. ||) 
this yields a relation between the angle of incidence ip' 
and the allowed angle, ipn, of the n-th order diffraction 
peak. With A' = 2iTh/P' and A = 2TTh/P the initial and 
final de Broglie wave length, the relation can be written, 
after a short calculation, as 
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Eq. (H) holds for any molecule-grating interaction poten- 
tial. A wave theoretical interpretation of Eq. (^) can be 
given as follows (see Fig. ||). First, a wave with angle of 
incidence (f' is refracted in the plane A, with a change of 
wave length from A' to A. The refraction angle i/jq a-nd 
the incidence angle Lp' are related as in Snell's law ||2l| ] 
through sin <y9o / sin = A/A'. Secondly, in the plane -B, 
the new wave of wave length A is diffracted by the slits as 
in classical optics Combining this with Snell's law 

gives Eq. i) H. 

For an elastic process A coincides with the initial A' 
and then Eq. (||) reduces to the condition for grating 
diffraction of a de Broglie wave as obtained from clas- 
sical optics But if the molecule is excited by the 
interaction with the grating, A differs from A' by a fac- 
tor of 1/ 



/I _ {^E, - Eo)/El^,^^ = 1 + {E,- E,)/2Ei,^ 
where E[^^^ = P'^/2M is the initial kinetic energy. 
For '*He3 three different kinds of processes can oc- 
cur, namely elastic scattering (^Hea — >'*He3), excita- 
tion (^Hea ^^HeJ) and breakups ("^Hes ^^He2-h^He 
or ''Hes ^*He-|-*He-|-''He) where the latter have diffuse 
scattering angles. For the elastic case (A — A') the diffrac- 
tion term nX/d in Eq. (^ has been used previously to 
separate molecules of different mass 0,^] . 

In order to separate the equal mass particles ^He3 and 
^He3 we propose here to use the first term in Eq. (||) 
(Snell's law) and its dependence on the incidence angle 
as follows. For normal incidence of ^He3 the low order 
diffraction-peak angles of '*He3 and ^Hcg differ by micro 
radians only and are practically indistinguishable (</?' = 
in Eq. (||)), but by rotating the grating {(p' ^ 0) the peaks 
will separate. This allows the identification of ^He^ and 
determination of Ei — Eq- For example, the zeroth order 
^He3 diffraction angle gives 
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To quantitatively check the feasibility of our proposal 
we have calculated diffraction patterns of a '*He3 beam 
('*He3 — >'*He3, ''He3 — i-^Hcg) incident under various an- 
gles on a 100 nm period silicon nitride (SiN^;) transmis- 
sion grating and for a typical nozzle temperature of 6 
K [^,p6l. For this we have applied the approach of 
and 



Refs. p7[ ] and [ p8[ to an incident three-body system with 
the trimer wave functions of Fig. |^. The wave func- 
tions have been obtained by means of the momentum 



space Faddeev approach and the unitary pole approxi- 
mation (see e. g. Ref. Q) using the Tang, Toennies, Yiu 
(TTY) potential and they are sufficiently accurate 
to yield Eq = —0.1 K and Ei ~ —2.1 mK, comparable 
to the results of the adiabatic hyperspherical approach 
in Ref. In the calculation of the diffraction pattern 
in the Fraunhofer regime the trapezoidal cross section 
of the grating bars with a wedge angle of /3 = 9° (see 
Fig. |l|) and the helium-silicon nitride van der Waals in- 
teraction potential of Ref. |30| have been included. As 
can be seen in Fig. |^ a ^Hcg signal appears in the form 
of side peaks on the elastic diffraction peaks for angles 
of incidence ip' > 10°. The energy difference Ei — Eq 
is very small compared to the initial kinetic energy and 
results in small angle differences between ^He3 and ^HeJ 
diffraction peaks. But such small angle differences are 
easily resolvable in present-day experiments. 

Fig. ^ reveals the role played by the attractive van dcr 
Waals interaction between the molecules and the grating 
material. While the elastic processes qualitatively follow 
the predictions of classical optics, the total transmitted 
^Heg intensity (^IIe3 — >^IIe3) is only slowly varying over 
a wide range of incidence angles ip' . Therefore, the exci- 
tation of the molecules depends only weakly on the slit 
projection orthogonal to the incidence direction and will 
take place mainly at the slit boundaries. If the angle of 
incidence approaches the wedge angle of the grating bars 
(see Fig. ^ the ''He3 transmission probability reaches its 
maximum value. In this case of grazing incidence on the 
surface of one side of the bars the van der Waals interac- 
tion strongly affects the excitation process and leads to 
a gain in the total transmitted ^Hcg intensity. Theory 
shows the excitation process to be the more efficient the 
larger the overlap region of the two wave functions. 

Fig. H indicates that a realization of the proposed ex- 
periment requires the measurement of intensities over five 
orders of magnitude. With conventional electron impact 
ionization mass spectrometer detectors this accuracy has 
been achieved so far solely for helium-atom beams l3C| ] 
because the estimated detection efficiency is only 10~^. 
A helium-atom detector with an efficiency of about 10~^ 
and an improved *He3 source are presently under study 
pl| . One of them, or both, should make it possible to 
measure, for example, the zeroth order excitation peaks 
in Fig. ^ and thus demonstrate the existence of an excited 
helium trimer state. 

The principle of the proposed method of selecting in- 
ternal states and determining the energy difference of the 
respective internal transitions by means of transmission 
gratings is not restricted to the particular ^IIc3 molecule. 
An extension to other systems with low-energy internal 
transitions like other helium clusters, Rydberg atoms or 
even more complicated systems 32 1 can be envisaged. 
Also, the method could provide pure beam sources of 
particular internal states and might be a useful spectro- 
scopic tool for the investigation of internal atomic and 
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molecular transitions which are not easily accessible to 
laser light. 

We would hke to thank R.E. Grisenti, W. SchoUkopf 
and J. P. Toennies for stimulating discussions. 
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FIG. 1. Wave theoretical interpretation for the selection of 
excited molecules. 



FIG. 2. (a) Hyperradial probability density of the ^Hea 
ground (solid line) and excited state (dashed line), and (b) 
radial probability density of the *He2 bound state (solid line) 
and TTY potential (dotted line). These states show the pe- 
culiar property that a substantial fraction of the probability 
densities is located far outside the potential well. 
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FIG. 3. Diffraction intensities for elastic (*He3 — j^Hes) 
and excitation (''Hes — ^^Hea) processes of a ground state he- 
lium trimer beam at a nozzle temperature of 6 K, incident 
on a 100 nm period silicon nitride transmission grating under 
different angles: (a) </?' = 0°, (b) ip' = 10°, (c) ifi' = 20° and 
(d) if' = 30°. 

FIG. 4. Total transmission probabilities of elastic and ex- 
citation processes for a ground state helium trimer beam 

diffracted from a 100 nm period silicon nitride transmission 
grating at nozzle temperatures of 6 K and 30 K as functions 
of the angle of incidence. The dashed line is the transmission 
curve obtained from geometrical optics. 
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